The radial profile of Reynolds stress has been measured in the plasma boundary region of the ISTTOK tokamak using a multiarray of Langmuir probes. The electrostatic Reynolds stress component, proportional to the cross correlation of radial and poloidal fluctuating electric fields, shows a radial gradient close to the velocity shear layer location. It is shown that this mechanism may drive significant poloidal flows in the plasma boundary region.
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The radial profile of Reynolds stress has been measured in the plasma boundary region of the ISTTOK tokamak using a multiarray of Langmuir probes. The electrostatic Reynolds stress component, proportional to the cross correlation of radial and poloidal fluctuating electric fields, shows a radial gradient close to the velocity shear layer location. It is shown that this mechanism may drive significant poloidal flows in the plasma boundary region. Sheared poloidal flows have been found to play an important role in explaining the transition to improved confinement regimes in magnetically confined fusion plasmas [1] . If a radial electric field is spatially nonhomogeneous, plasma volumes on neighboring magnetic surfaces rotate with different E 3 B velocities. Such a shear in the rotation velocity tears apart turbulent eddies elongated in the radial direction and reduces the turbulent transport level. Several investigations of edge plasma turbulence and poloidal flows have been reported in fusion plasma devices [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Different mechanisms have been proposed to explain the generation of sheared poloidal flows in the plasma edge region. An important mechanism is the ion orbit loss caused by interaction with the limiter [12] . A complementary explanation is the generation of poloidal flows by plasma fluctuations via the Reynolds stress [13] [14] [15] and the poloidal spin-up of plasmas from poloidal asymmetry of particle and momentum sources [16] . Turbulent Reynolds stress plays a linking role between the turbulence and averaged flows. It has been suggested that sheared poloidal flows can be generated in fusion plasmas due to radially varying Reynolds stress [17, 18] . The formation of a core transport barrier by ion Bernstein wave heating in the Princeton Beta ExperimentModified (PBX-M) tokamak is consistent with this interpretation [19] . Reynolds stress may also play a role in the L-H transition [20, 21] . The importance of toroidal effects has also been addressed [22] .
This Letter reports the measurement of the radial profile of Reynolds stress in the plasma boundary region of the ISTTOK tokamak.
Neglecting the contribution of magnetic fluctuations, the Reynolds stress (Re) was determined by Re ͗ṽ rṽu ͘ [14] . The ͗ṽ rṽu ͘ term of the Reynolds stress tensor can be related to the E 3 B velocities, ͗ṽ rṽu ͘~͗Ẽ rẼu ͘,Ẽ r and E u being the radial and poloidal components of the electric field, respectively. The brackets ͑͗ ͒͘ mean time average. It should be noted that only in the case of poloidally homogeneous turbulence are the Reynolds stress, computed as the time averaged product of fluctuating radial and poloidal velocities, and the flux surface average Reynolds stress [13, 14] equivalent. The Reynolds stress measures the degree of anisotropy in the structure of fluctuations. In the case of radial poloidal nonisotropic turbulence, the Reynolds stress component ͗ṽ rṽu ͘ is not zero. Radially varying Reynolds stress allows the turbulence to rearrange the profile of poloidal momentum, generating sheared poloidal flows.
Measurements were carried out on the small-size ISTTOK tokamak (R 0.46 m, B ഠ 0.5 T, I p ഠ 6 kA) [23] . Around the limiter radius (a limiter ) the electron temperature is about T e ഠ 20 eV and the electron density is n e ഠ 0.5 3 10 12 cm 23 . Measurements were taken at different radial positions, both in the edge ͑r , a limiter ͒ and in the scrape-off layer (SOL) ͑r . a limiter ͒ plasma regions.
The experimental setup consists of two arrays of three Langmuir probes, radially separated by D r ഠ 6 mm ( © 1999 The American Physical Societyaligned perpendicular to the magnetic field and separated poloidally ͑D u ഠ 3 mm͒, were used to measure fluctuations of the poloidal electric fieldẼ u , as deduced from the floating potential ͑f f ͒ and neglecting electron temperature fluctuation effects [i.e.,Ẽ u1 ͑f 1 2f 2 ͒͞D u and E u2 ͑f 3 2f 4 ͒͞D u ]. The third tip was biased at a fixed voltage in the ion saturation current regime ͑I S ͒. The radial electric field was estimated from floating potential signals measured by radially separated probes (i.e., E r ͑f 3 2f 2 ͒͞D r ). The probes were oriented with respect to the magnetic field direction to avoid shadows between them [24] . With these approximations, the electrostatic component of the Reynolds stress proportional to ͗Ẽ rẼu ͘ has been computed in the plasma boundary region. The radial profile of the floating potential and the corresponding (rms) fluctuations are shown in Fig. 2 . The floating potential becomes more negative when the probe is inserted into the plasma edge and the radial electric field changes its sign in the proximity of the limiter radius location. There is a significant gradient in the rms fluctuation level and its value increases radially inwards. Figure 3 shows the radial and poloidal coherence of fluctuations and the poloidal phase velocity. From the S͑k, v͒ function, computed from the two-point correlation technique using two floating potential signals, the poloidal phase velocity of fluctuations is defined as y u S v,k ͑v͞k͒S͑v, k͒͞S v,k S͑v, k͒ [25] . The poloidal phase velocity presents a clear change in the propagation direction of fluctuations from the ion diamagnetic direction in the outer edge of the plasma behind the limiter to the electron direction inside the limiter radius. The measured poloidal coherence is in the range (0.8-0.9) for probes separated poloidally by 3 mm, and the radial coherence ranges from 0.6 in the proximity of the plasma limiter radius to 0.8 in the plasma edge region for probes separated radially by 6 mm. The decrease in the radial coherence in the plasma region where the radial electric field changes sign could be interpreted in terms of shear decorrelation effects on fluctuations.
The electrostatic Reynolds stress has been computed as ͗Ẽ rẼu ͘, whereẼ u is the mean value ofẼ u1 andẼ u2 (see Fig. 1 ). In this way the poloidal and radial components of the electric field are estimated, approximately, at the same plasma position. The computed value of ͗Ẽ rẼu ͘ is very similar to those deduced using the values of the fluctuating poloidal electric field measured by the inner ͑Ẽ u2 ͒ or outer ͑Ẽ u1 ͒ probes. Figure 4 shows the ͗ṽ rṽu ͘ radial profile. The ͗ṽ rṽu ͘ term of the Reynolds stress tensor shows a radial gradient in the proximity of the velocity shear layer location.
A quantitative estimate of the importance of the fluctuation-induced flows in the evolution equation of the poloidal flow requires a comparison with the magnitude of the poloidal flows damped by different mechanisms (i.e., magnetic pumping and charge exchange).
The damping term due to magnetic pumping in the plasma edge region can be expressed as g mp v iu , where v iu is the ion poloidal velocity [26] . For the ISTTOK edge plasma parameters, g mp is expected to be in the range of of magnetic pumping to the time evolution of the poloidal flow is about 10 7 m s 22 . The damping of the plasma rotation due to atomic physics mechanisms (charge exchange) can be expressed as n iCX v iu (n iCX being the momentum loss rate). For ISTTOK, n iCX is estimated to be of the order of There are different effects which should be considered in the computation of the Reynolds stress. In particular, electron temperature fluctuation effects can modify the absolute value of the measured electrostatic Reynolds stress. However, taking into account that the radial profile of the floating potential fluctuations has been found to be closely correlated with the level of the plasma potential fluctuations [27, 28] , d Re͞dr is not expected to be significantly modified by T e fluctuation effects.
In conclusion, the present experiments point out that the electrostatic Reynolds stress (proportional to ͗Ẽ rẼu ͘) shows a radial gradient in proximity to the velocity shear layer, indicating that this mechanism can play a significant role to explain the physics of poloidal flows in the plasma boundary region. Further investigations of the Reynolds stress parameter scaling and correlation with poloidal flows are needed to quantify its relative importance as compared with other mechanisms (such as ion orbit losses and Stringer spin-up).
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